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The double electron E1 transition energies, probabilities, and oscillator strengths between the
2s2pn and 1s22pn−1(1≤ n ≤ 6) configurations of Xeq+(47 ≤ q ≤ 52) ions with different spectator
electrons have been calculated based on the multi-configuration Dirac-Hartree-Fock method. A
reasonable electron correlation model is constructed with the aid of the active space method. The
finite mass of nuclear, Breit interaction and QED effects have also been included. The calculated
results are in good agreement with the available data. The theoretical spectra of different spectator
electrons of the double K hole state have been predicted. The spectator electron effects on the
transition spectra have been analyzed in detail. The present results will be helpful for analyzing the
high energy X-ray spectrum observed from the interaction between high energy highly charged ions
and the surface.
PACS numbers: 31.15.vj, 31.30.J, 32.80.Aa
I. INTRODUCTION
The structure and properties of inner shell double-hole
atoms (hollow atoms) are essential in modern atomic
physics[1–3]. The double hole state in the inner shell
is a particular excited state in which an inner shell or-
bital has no electron occupation, and electrons have oc-
cupied the outer orbital. These states can either be
created in collisional excitation/ionization of the inner
shells of atoms or ions by atom-ion collision[4] and in
inner-shell photoionization or photoexcitation processes
with a high-energy photon[5]. They can also be pro-
duced by slow highly charged ions interacting with the
metal surface in which the electron of the target atom
might be captured into the outer shell of the projectile[6].
∗Electronic address: dingxb@nwnu.edu.cn
These exotic states are unstable and can either decay by
emission of Auger electron or high energy X-ray pho-
ton, where the former is preferable to the latter for
light atom[7, 8]. However, X-ray spectra of double hole-
state of heavy atoms have been observed in high-energy
ion atom collisions[9–11], synchrotron radiation[12–14],
laser-generated plasma[15, 16], Tokamak[17], and beam
foil spectra[18]. The study of double hole atoms helps
us obtain the structure information of the electrons in
this exotic atoms and reveal the influence of electron
correlation effect on them. It also provides important di-
agnostic information for celestial bodies and laboratory
plasmas[19, 20]. Hollow atoms also are of great impor-
tance for studies of ultrafast dynamics in atoms far from
equilibrium and have possible wide-ranging applications
in physics, chemistry, biology, and materials science[21].
The radiative deexcitation of an atom with an ini-
tially empty K shell may take place either through the
2more probable one-electron one-photon (OEOP) transi-
tion or through the competing weak two-electron one-
photon (TEOP) transition. The OEOP transition is
the most important mechanism for radiative transition,
while the TEOP transition is strictly forbidden in single-
particle approximation. TEOP is caused by electron cor-
relation effects. The TEOP transition process was first
predicted theoretically by Heisenberg in 1925[22] and
was observed from the ion-atom collision experiments
between Ni-Ni,Ni-Fe,Fe-Ni, and Fe-Fe by Wo¨lfli et al.in
1975[23]. Although the TEOP process is weaker than
OEOP (about one in a thousand), it is important to
understand the high energy X-ray spectrum of double
K-shell hole states correctly and determine some impor-
tant observable quantities, such as lifetime, fluorescence
yield and ionization cross-section of these exotic atoms
accurately[24, 25].
In the past few decades, many works have been done on
the energy levels and transition properties of hole state
atoms in the inner shells[26–32]. R. Kadrekar et al. eval-
uated the TEOP to OEOP branch ratio of He-like sys-
tems of 4 ≤ Z ≤ 26 ions using the multi-configuration
Dirac-Fock (MCDF) method, and they found the con-
tribution from TEOP transition is appreciable for light
ions[33]. K. Koziol et al. measured TEOP transi-
tions of low-Z atoms by synchrotron radiation[25]. They
found the discrepancies between experiment and theo-
retical predictions of the relative intensities of TEOP
and shown that the double photoionization perturbation
causes these discrepancies. C. Shao et al. observed the
X-ray spectra of K-shell hollow krypton atoms produced
in single collisions with 52 MeV/u - 197 MeV/u Xe54+
ions by heavy-ion storage ring equipped with an inter-
nal gas-jet target[34].  L. Jaboski et al. firstly observed
TEOP X-ray transition in the collision of highly charged
Xe26+ ions with the surface of the metal Be[35].
The hole states created by either light or ion-atom col-
lisions with atom will result in an inner-shell excited state
with many electrons occupied in the outer shell. Thus
the electron correlation effect is extremely complex. If
the bare ion is used to bombard the target, it has a prob-
ability to capture the different number of electrons to the
outer shell, which will create a relatively simple double-
K hole state with finite spectator electrons. The spec-
tator electron will affect the electron correlation in the
double-K hole state and their transition properties. To
understand the electron correlation effects and the ef-
fects of spectator electrons on the spectra, the structure
and radiative properties of a double K-shell hole state
with different spectator electrons should be explored.
In this work, the energy level structure and radiative
transition properties of Xeq+ (47 ≤ q ≤ 52) ions have
been studied by the multi-configuration Dirac-Hartree-
Fock (MCHDF) method combining with the active space
method to include the electron correlations effects effi-
ciently. The Breit interaction and quantum electrody-
namics (QED) contribution were included perturbatively
in separated relativistic configuration interaction (RCI)
calculation. The theoretical spectrum of the double K
hole state with different spectator electrons is predicted.
The present results will be helpful for future theoretical
and experimental work.
II. THEORETICAL METHOD
The MCDHF method is widely used to investigate the
relativistic, electron correlation, Breit interaction, and
QED effects on the complex atoms structure and tran-
sitions properties[36–40]. I. Grant described the method
in detail in his monograph[41]. The GRASP family codes
are developed based on the MCDHF theory in the past
40 years[42–48]. The present calculations have been per-
formed using Grasp2K code[47]. Here, only a brief intro-
3duction about the MCDHF method was given below.
In the MCDHF method, the atomic state wave func-
tion(ASFs) ψ(PJMJ) for a given state with certain par-
ity P, total angular momentum J, and its z component
MJ are represented by a linear combination of configu-
ration state functions(CSFs) Φ(γiPJMJ) with the same
P, J, MJ , which can be expressed as:
ψ(PJMJ) =
Nc∑
ν=1
ciΦ(γiPJMJ). (1)
where Nc is the number of CSFs, γi denotes all the other
quantum numbers necessary to define the configuration,
ci is the mixing coefficient for state i. The CSFs are the
linear combinations of Slater determinants of the many-
particle system consisting of single-electron orbital wave
functions. The extended optimal level mode is used in
the self-consistent field calculations to obtain radial wave
functions and the mixing coefficients. The Breit inter-
action and QED effects, such as vacuum polarization
and self-energy, were taken into account perturbatively
in a separated relativistic configuration interaction cal-
culation.
After the atomic state function is obtained, the tran-
sition probability corresponding to the radiative transi-
tions from the initial state |ψi(PJM)〉 to the final state
|ψf (PJM)〉 can be given by the following equation
Aif =
4e2ω3ij
3~c2
|〈ψf (PJM)|Q
M
L |ψi(PJM)〉|
2 (2)
QML is the multipole radiation field operator, and ωij is
the frequency of the photon.
One of the critical tasks in MCDHF calculation is to
construct an appropriate CSFs to take the electron cor-
relation effects into account efficiently. At the start, a
single-configuration Diarc-Hartree-Fock (DF) calculation
was performed to obtain the initial orbitals. Then a sys-
tematical expansion of the reference configuration was
considered by single and double electron (SD) excitation
from the reference configuration to the active orbitals.
The optimized wave function is used to calculate the en-
ergy level and transition parameters. The {1s,2s,2p} or-
bitals are treated as the spectroscopic orbitals, and all
active orbitals with n ≥ 3 are regarded as correlated or-
bitals. Then, the active space was extended to the first
layer, i.e., n=3, l=2 (n3l2) virtual orbitals, and all the
newly added correlation orbitals were optimized with the
previous core orbital frozen. With the increase of the ac-
tive space, the number of CSFs also increased rapidly.
To keep the calculation manageable, we only extend the
active space orbitals to the principal quantum number
n = 6 and angular quantum number l = 3. According
to the further calculation, the higher angular momen-
tum orbital (l≥ 4) contribution to the total energy is less
than 1%, so the present calculation was restricted within
n≤ 6,l≤ 3.
III. RESULT AND DISCUSSION
The energy eigenvalues and the excitation energy of the
ground configuration 1s22p2, 1s22p3, and 1s22p4 of Be-,
B- and C-like Xe ions are given in Table I with available
experimental and theoretical data for comparison. The
excitation energy ER was calculated against the corre-
sponding ground state 1s22s22pn(0≤ n≤ 2) of each ion
with relativistic effects. ERCI represents the excitation
energy with Breit interaction and QED effect. It is found
that the energy eigenvalues converged with the increase
of active space. The contribution from Breit interaction
and QED effect to the energy level is about 1.3%, indi-
cating that these contributions are important and cannot
be ignored. The excitation energy is in good agreement
with the available results within 0.3%, which means that
the electron correlation model constructed in the present
4TABLE I: The energy eigenvalue (in Hartree) of the excited state 1s22pn(2 ≤ n ≤ 4) of Xe50+, Xe49+ and Xe48+ ions. DF
denotes the Dirac-Fock calculation, {nalb} represent the electron correlation effects with active set consists of all orbitals from
n=a, l = b. ER (in eV) is the excitation energy relative to the ground state with the relativistic effects, and ERCI (in eV)
represents the excitation energy including the Breit interaction and the QED effect.
Active sets
Be-like Xe (1s22p2)
1S0
1D2
3P2
3P1
3P0
DF -3677.77 -3679.28 -3692.60 -3693.31 -3706.08
n2l1 -3677.62 -3679.28 -3692.61 -3693.31 -3705.88
n3l2 -3677.64 -3679.29 -3692.62 -3693.32 -3705.89
n4l3 -3677.64 -3679.29 -3692.62 -3693.32 -3705.89
n5l3 -3677.69 -3679.33 -3692.67 -3693.35 -3705.94
n6l3 -3677.72 -3679.36 -3692.69 -3693.38 -3705.97
n7l3 -3677.73 -3679.37 -3692.70 -3693.39 -3705.97
ER(eV) 1070.28 1025.72 662.83 644.20 301.68
ERCI(eV) 1061.70 1013.28 654.52 639.01 302.46
Refa 1071.44 1026.52 663.96 644.74 302.62
Refa 1060.35 1011.56 653.68 637.63 302.03
NIST b 653.56 638.16 301.70
B-like Xe (1s22p3)
2P 3
2
2P 1
2
2D 5
2
2D 3
2
4S 3
2
DF -4000.14 -4015.67 -4016.77 -4017.66 -4030.01
n2l1 -4003.07 -4015.52 -4016.75 -4017.65 -4029.81
n3l2 -4003.11 -4015.59 -4016.82 -4017.70 -4029.88
n4l3 -4033.20 -4015.68 -4016.91 -4017.77 -4029.96
n5l3 -4003.21 -4015.70 -4016.92 -4017.79 -4029.98
n6l3 -4003.22 -4015.71 -4016.93 -4017.79 -4029.99
ER(eV) 1463.21 1123.50 1090.24 1066.69 734.87
ERCI(eV) 1443.63 1110.34 1071.97 1052.25 725.36
Ref c 1064.46 1125.38 1091.81 1067.76 736.65
Refd 1443.91 1111.59 1073.12 1052.69 726.89
C-like Xe (1s22p4)
1S0
1D2
3P2
3P1
3P0
DF -4318.19 -4331.55 -4345.06 -4332.28 -4343.66
n2l1 -4317.96 -4331.37 -4344.77 -4332.12 -4343.25
n3l2 -4318.04 -4331.49 -4344.91 -4332.21 -4343.40
n4l3 -4318.23 -4331.67 -4345.08 -4332.39 -4343.58
n5l3 -4318.27 -4331.72 -4345.12 -4332.43 -4343.62
n6l3 -4318.28 -4331.73 -4345.13 -4332.44 -4343.64
ER(eV) 1875.94 1510.05 1145.24 1490.70 1185.98
ERCI(eV) 1855.72 1491.06 1132.34 1474.66 1176.54
Ref c 1877.59 1512.10 1147.40 1492.32 1188.59
Refa 1852.61 1488.86 1130.41 1471.85 1174.88
a Reference[49].
b Reference[50].
c Reference[51].
d Reference[52]
5work is reasonable.
The transition energies of the TEOP and OEOP of
He-like Xe ions are shown in TABLE II. To the best of
the authors’ knowledge, there are no calculations and ex-
periments on the TEOP and OEOP transitions for Xeq+
(47≤q≤52) ions. To verify the validity of our calculation
results, the excitation energy of 1s2s of He-like Xe was
calculated using the difference between the TEOP and
OEOP transition energies. Compared with the available
results[53] and NIST database[50], about 0.01% agree-
ment was obtained. In such heavy and highly charged Xe
ions, the electronic correlation models could be extended
safely to the highly excited state 2s2pn(1≤n ≤ 6) of Xe
ions. According to the present calculation, the eigenval-
ues of these highly excited states also tend to converge
with the increase of the active space.
The TEOP transition energy, probability and oscilla-
tor strength with relatively large transition probability
of Xeq+ (47 ≤ q ≤ 52) ion are presented in TABLE III.
In the relativistic atomic structure calculation, the con-
sistency of the transition probability calculated from dif-
ferent gauge (i.e., Babushkin and Coulomb) could show
the accuracy of the wavefunction[54, 55]. It was found
in the present calculation that the ratio of the transi-
tion probability from different gauge is about 1.19 ∼ 1.70
from He-like to N-like Xe ions, this also indicates that the
wavefunction used in the present calculation was accurate
enough. The most important correlation effects were in-
cluded in the present calculation. For brevity, only tran-
sition probability and oscillator strength in Babushkin
gauge, which corresponding to the length gauge in the
non-relativistic limit, are given in TABLE III.
Fig. 1 shows that the relative intensity of the
TEOP transition from double-K hole states of 2s2pn to
1s22pn−1(1 ≤ n ≤ 6) Xeq+ ions. The transition prob-
ability is proportional to the intensity of the transition
line. Each individual transition was assumed to have a
Gaussian profile to consider the natural, collisional, and
Doppler broadening effects. At present, the best resolu-
tion of high energy X-ray spectra around 60 keV is about
200eV to 500eV[56]. The predicted spectra with the full
width at half maximum (FWHM) 200eV are given in
Fig. 1. All the spectra are consist of two peaks, which
corresponds to the diagram transition from the 1P and
3P parent term of 2s2p to the 1S of 1s2, respectively.
The transition peak gets shifted towards the low energy
side with the increased number of spectator electrons.
The ”red-shift” energy per 2p spectator electron is about
240eV. However, with the development of spectroscopy
technology, the resolution is expected to be further im-
proved. The shadow of each figure gives the spectrum
with FWHM at 20eV. The detailed structure of these
peaks could be studied with higher accuracy in the fu-
ture.
Using highly charged, even bare ion bombarded to
the target is an efficient way to produce double-K hole
states with simple structure[34, 57, 58]. The projectile
might capture a different number of electrons from the
target to the outer shells during the interaction. Gen-
erally, the collisional products will in different ionization
stages. Therefore, to predict the observed spectrum from
mixing double-K hole states, the ions population should
be taken into account. The charge state distribution af-
ter the ion-surface interaction can be predicted using the
semi-empirical model within the LISE++ code[59–64].
We will propose an experiment to observe the TEOP of
Xeq+(47≤ q ≤ 52) ions. The initial double K-hole state
can be produced by bare Xe54+ ions collided with a car-
bon target. Therefore, the charge state distribution after
the Xe54+ ions (with the energy of 52 MeV/u and 197
MeV/u) collide with the carbon targets in different thick-
ness are calculated. The fractional population contribu-
6TABLE II: The two-electron one-photon (TEOP) and one-electron one-photon (OEOP) transition energy (in eV) and the
1s2s-1s2 energy level difference (in eV) of He-like Xe ion.
He-like Xe
Confuguration Transtion Energy Type
2s2p-1s2
3P1-
1S0 60925.53 TEOP
1P1-
1S0 61385.87 TEOP
2s2p-1s2s
3P1-
1S0 30712.78 OEOP
1P1-
3S1 31259.35 OEOP
Excitation Energy
Present NIST[50] Ref[53]
1s2s-1s2
1S0-
1S0 30212.75 30213.86 30212.44
3S1-
1S0 30126.52 30128.77 30127.36
tion and corresponding transition spectra in different ex-
periment conditions are obtained with FWHF=200eV as
shown in Fig. 2. It can be found from the figure that
except for Fig. 2(c), the other three transition spectra of
(a), (b), and (d) show a relatively simple bimodal struc-
ture that mainly corresponds to the He-like ion.
When the thickness of the target is the same, and the
incident energy of projectile ions is different, as shown in
(a) and (b), the spectral peak structure is similar, but
the intensity of the former is about 20 times higher than
that of the latter. This caused by the fact that the high
energy projectile is too fast to capture electrons from the
target. Therefore, only a tiny fractional population was
obtained for the high energy projectile. Comparing the
Fig. 2(a) and (c), the peak structure is significantly differ-
ent, which indicates that the thicker target will have more
chances to produce a more highly ionized double K-hole
state. It is recommended to use high energy projectiles
with thick target to observe the transition wavelength of
double K-hole state for the He-like Xe ions.
IV. CONCLUSION
Two-electron one-photon (TEOP) E1 transition ener-
gies, probabilities, and oscillator strengths between the
2s2pn and 1s22pn−1 (1≤n ≤6) configurations have been
calculated using the Grasp2k package which based on
the MCDHF method. Electron correlation effects were
handled systematically. The Breit interaction and QED
effects further corrected the transition energy. An appro-
priate electron correlation model for the double K-hole
state was constructed. For the configuration of 1s22pn−1,
it is found that the current calculation results are in good
agreement with the previous work. By extending the cor-
relation model for the 2s2pn configuration, the TEOP
transition from 2s2pn to 1s22pn−1 (1≤ n ≤ 6) was cal-
culated for different spectator electrons. To the best of
authors’ knowledge, there are no experimental data avail-
able for this type of transitions considered in the present
work. The basic atomic data is critical in judging the
relative importance of this unusual transition and check-
ing the theoretical predictions on such anomalous level
structure of highly charged ions. It is expected to be
verified in future experiments.
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7TABLE III: Some selected two-electron one-photon transition energy (eV), probability Aij (s
−1) and oscillator strength gf
between 2s2pn-1s22pn−1 (1≤n ≤6) of Xeq+ ion(47≤q≤52).
Configuration Transition Energy(eV) Aij(s
−1) gf
He-like Xe
2s2p-1s2
3P1-
1S0 60925.53 1.3775E+11 5.8675E-06
1P1-
1S0 61385.87 3.1980E+11 2.5656E-06
Li-like Xe
2s2p2-1s22p
2S 1
2
-2P 1
2
60679.27 1.4240E+11 1.7825E-06
4P 5
2
-2P 3
2
60698.29 1.0757E+11 4.0371E-06
2P 1
2
-2P 3
2
60748.74 9.9012E+10 1.2366E-06
2D 3
2
-2P 3
2
60749.44 6.5676E+10 1.6405E-06
2P 1
2
-2P 1
2
61122.67 1.1047E+11 1.3629E-06
2D 3
2
-2P 1
2
61123.37 8.2374E+10 2.0325E-06
4P 1
1
-2P 3
2
61172.03 7.4831E+10 9.2171E-07
4P 3
2
-2P 3
2
61172.03 1.4413E+11 3.5506E-06
Be-like Xe
2s2p3-1s22p2
3P2-
3P2 60448.39 9.8652E+10 3.1110E-06
3P2-
3P1 60463.87 1.2648E+10 3.9864E-06
3D3-
1D2 60493.00 1.7797E+10 7.8454E-06
3P1-
3P2 60510.93 1.7567E+10 3.3170E-06
3S1-
1S0 60512.51 1.5159E+11 3.9864E-06
3P1-
1D2 60546.70 1.1555E+11 3.9864E-06
3D2-
1D2 60557.22 1.1092E+11 3.4853E-06
3D2-
3P2 60851.81 9.5912E+10 4.1784E-06
1P1-
3P0 60863.03 3.3388E+11 6.2315E-06
3P0-
3P1 60906.49 2.5400E+11 1.5780E-06
3D2-
3P2 60916.03 4.7964E+11 1.4894E-05
5S2-
1D2 60916.49 3.0770E+11 9.5545E-06
3S1-
3P2 60919.68 3.2813E+11 6.1129E-06
3P1-
3P1 60921.00 4.7527E+11 8.8536E-06
3D1-
1S0 60927.02 1.9703E+11 3.6696E-06
3D1-
1D2 60975.37 4.5540E+11 8.4682E-06
B-like Xe
2s2p4-1s22p3
2D 5
2
-2D 3
2
60260.81 9.0883E+10 3.4606E-06
4P 1
2
-2P 1
2
60272.15 1.4583E+11 1.8503E-06
4P 5
2
-2P 3
2
60296.76 1.1495E+11 4.3717E-06
2D 3
2
-2D 5
2
60311.27 1.0261E+11 2.6003E-06
2P 3
2
-2P 3
2
60343.67 8.9080E+10 2.2551E-06
4P 3
2
-2D 3
2
60652.92 1.6728E+11 4.1912E-06
4P 1
2
-4S 3
2
60657.13 1.4585E+11 1.8271E-06
2D 3
2
-4S 3
2
60657.88 2.8186E+11 7.0618E-06
2P 1
2
-2P 1
2
60665.98 1.2444E+11 1.5585E-06
4P 5
2
-2D 5
2
60668.41 1.5660E+11 5.8830E-06
2P 3
2
-2D 5
2
60715.32 2.5395E+11 6.3504E-06
1S 1
2
-2P 3
2
60723.99 3.4008E+11 4.2508E-06
2P 1
2
-2D 3
2
60724.07 2.2823E+11 2.8529E-06
C-like Xe
2s2p5-1s22p4
3P2-
1D2 60055.97 1.1975E+11 3.8259E-06
3P2-
3P1 60072.38 1.3351E+11 4.2630E-06
3P1-
1D2 60110.63 1.7244E+11 3.2994E-06
1P1-
1S0 60116.59 1.7946E+11 3.3170E-06
3P2-
3P2 60414.71 2.5805E+11 8.1467E-06
3P1-
3P2 60469.37 3.7752E+11 7.1380E-06
3P0-
3P1 60465.68 4.9222E+11 3.1026E-06
1P1-
1D2 60481.27 4.7273E+11 8.9347E-06
N-like Xe
2s2p6-1s22p5
2S 1
2
-2P 1
2
59894.57 2.5963E+11 3.3359E-06
2S 1
2
-2P 3
2
60238.05 4.6951E+11 5.9638E-06
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FIG. 1: Relative intensity of the two-electron one-photon transition 2s2pn→1s22pn−1(1 ≤ n ≤ 6) of Xe ions. The curve is
calculated by the transition probability with full width at half maximum (FWHM) 200 eV which is the typical resolution of
the X-ray spectrum around 60 KeV, while the shadow is obtained with FWHM=20eV.
11
59.6 59.8 60.0 60.2 60.4 60.6 60.8 61.0 61.2 61.4 61.6 61.8 62.0 62.2 59.6 59.8 60.0 60.2 60.4 60.6 60.8 61.0 61.2 61.4 61.6 61.8 62.0 62.2
59.6 59.8 60.0 60.2 60.4 60.6 60.8 61.0 61.2 61.4 61.6 61.8 62.0 62.2 59.6 59.8 60.0 60.2 60.4 60.6 60.8 61.0 61.2 61.4 61.6 61.8 62.0 62.2
In
ten
sit
y(
a.u
.)
E=52MeV/u
d=5mg/cm 2
(a) Total
 He-like
 Li- like
 Be-like
He-like Li-like Be-like
0
2
4
6
8
fra
cti
on
al
 d
ist
rib
ut
io
n(
%
)
In
ten
sit
y(
a.u
.)
(b)
E=197MeV/u
d=5mg/cm 2
 Total
 He-like
 Li- like
He-like Li-like
0.00
0.01
0.02
0.03
0.04
0.05
fra
cti
on
al
 d
ist
rib
ut
io
n(
%
)
In
ten
sit
y(
a.u
.)
(c)
E=52MeV/u
d=20mg/cm 2
Energy( keV)
 Total
 He-like
 Li- like
 Be-like
 B-like
He-like Li-like Be-like B-like
0
10
20
30
40
50
fra
cti
on
al
 d
ist
rib
ut
io
n(
%
)
E=197MeV/u
d=20mg/cm 2
(d)
In
ten
sit
y(
a.u
.)
Energy( keV)
 Total
 He-like
 Li- like
He-like Li-like
0.0
0.1
0.2
0.3
0.4
fra
cti
on
al
 d
ist
rib
ut
io
n(
%
)
FIG. 2: The possible two-electron one-photon X-ray spectrum from 2s2pn→1s22pn−1(1 ≤ n ≤ 6) under different projectile
energy (E) of the bare Xe nucleus and target thickness (d). (a) The thickness of the target is 5mg/cm2 and the projectile
energy is 52MeV/u; (b) The thickness of the target is 5mg/cm2 and the projectile energy is 197MeV/u; (c) The thickness of
the target is 20mg/cm2 and the projectile energy is 52MeV/u; (d) The thickness of the target is 20mg/cm2 and the projectile
energy is 197MeV/u.
